In recent years, the botanical and geographical origin of food has become an important topic in the context of food quality and safety, as well as consumer protection, in accordance with international standards. Finding chemical markers, especially phytochemicals, characteristic for some kind of food is the subject of interest of a significant number of researchers in the world. This paper is focused on the use of polyphenols as potential markers for the determination of botanical origin of honey. It includes a review of the polyphenols present in various honey samples and the methods for their separation and identification. Special emphasis in this paper is placed on the identification of honey polyphenols using advanced LC-MS techniques in order to find specific markers of botanical origin of honey. In this regard, this study gives an overview of the literature that describes the use of LC-MS techniques for the isolation and determination of honey polyphenols. This review focuses on the research performed in the past two decades.
H oney is a sweet mixture produced by bees (Apis mellifera L.), mainly from the nectar of flowers. In chemical terms, the most common ingredients of honey are carbohydrates, mostly fructose and glucose (over 60%, depending mainly on the botanical type of honey). Water is the second most common substance in honey (about 17%), and the remaining constituents are proteins (including enzymes), minerals, vitamins, organic acids, polyphenols (flavonoids and phenolic acids), volatile compounds, waxes, and other phytochemicals (1) . Phenolic compounds (polyphenols or polyphenolics) are secondary metabolites of plants. They represent one of the most important groups of compounds that occur in plants. Flavonoids and phenolic acids (derivatives of benzoic and cinnamic acids) are the most important class of polyphenols present in honey (2) . Polyphenols come to honey through the flower nectar, as well as the propolis and pollen.
Honey is rich in phenolic compounds, which act as natural antioxidants and are becoming increasingly popular in the diet because of their potential role in the treatment of various diseases and their contribution to human health (3, 4) . Phenolic compounds belong to the group of antioxidants known for their ability to give hydrogen or electrons and because their stable radicals prevent the oxidation of various components, in particular fatty acids and oils (5) . Many epidemiological studies have shown that regular intake of phenolic compounds is associated with the reduced risk of heart diseases. For example, flavonoids act in three ways: They improve coronary vasodilation, decrease the ability of platelets in the blood to clot, and prevent low-density lipoproteins from oxidizing (6) . Phenolic acids exhibit significant biological activity and have anticancer, anti-inflammatory, antioxidant, and antiatherogenic properties (7, 8) . For example, homogentisic acid (the chemical marker for strawberry tree honey) showed interesting antioxidant and antiradical activities, as well as a protective effect against thermal cholesterol degradation compared to a number of well-known antioxidants (9) .
In recent years, many scientific papers have dealt with the chemical composition of honey in order to find specific chemical markers of its botanical and geographical origin (1, 3, 10, 11) . This review is primarily concerned with polyphenols in honey samples for botanical origin discrimination. Qualitative and quantitative polyphenolic profiles of honey are very dependent on the floral source, i.e., the plants from which bees collect nectar. Detecting biomarkers of the botanical origin of monofloral honeys is very important for consumers, because every botanical type of honey has its own taste and aroma, as well as market price. Monofloral honeys are often adulterated, and in order to confirm their authenticity, it is necessary to find their appropriate biomarkers (10) . Bearing this in mind, there is a growing interest in the development of techniques for determining various polyphenolic compounds as potential markers of botanical origin of honey. Table 1 (9, represents polyphenols proposed as markers of the botanical origin of different types of honey. The special aim of this study was to highlight the use of advanced LC-MS as a tool for the identification of potential markers of botanical origin of honey.
Flavonoids
Flavonoids (from the Latin word flavus, meaning yellow) represent one of the biggest groups of natural heterocyclic compounds with oxygen. They are found in plants as free forms but can also be associated with sugar components in the form of various glycosides. Flavonoids are soluble in water and, in nature, are found in fruits, vegetables, tea, wine, grapes, honey, propolis, nectar, etc. Until now, more than 5000 different flavonoids have been identified in various plants (33) .
The structural diversity of flavonoids is a result of many modifications of the basic skeletal structure; these modifications are conditioned by the reactions of hydrogenation, hydroxylation, O-methylation of hydroxyl group, dimerization, or glycosylation of hydroxyl groups (O-glycosides). Depending on the level of pyran ring oxidation, as well as the position of a secondary aromatic ring, flavonoids can be classified into several subgroups (34) . Some scientists have divided the flavonoids into eight different classes (flavonols, flavones, flavanones, catechins, anthocyanidins, isoflavones, dihydroflavonols, and chalcones) based on differences in the basic molecular structure (35, 36) . All of these subgroups of flavonoids may be hydroxylated, methoxylated, or glycosidically linked with monosaccharides or oligosaccharides, and sometimes may have acyl groups at different positions of the basic flavonoid structure or on the glycosidic part. Flavonoids possess a great tendency for the polymerization process and, in that way, produce tannins (37) .
The amount of flavonoids in honey can be up to 6 mg/kg, whereas their amount is much higher in the pollen (0.5%) and the propolis (10%; 2). Based on the literature (38) , the most common flavonoids found in honey are pinocembrin, apigenin, kaempferol, quercetin, pinobanksin, luteolin, galangin, hesperetin, and isorhamnetin ( Figure 1) . A large number of flavonoids, such as pinobanksin, pinocembrin, and chrysin, which are found in honey, do not come from flower nectar, but from propolis (27) .
Flavonoids can be used as markers of botanical origin of European eucalyptus honey. Eucaliptus camaldulensis honey contains tricetin as the main marker, whereas for Eucaliptus pilligaensis honey, luteolin was proposed as the main marker of botanical origin ( Table 1 ). The flavonoid profile of Australian eucalyptus honey is very different from European eucalyptus honey (14, 39) . Flavonol rhamnosides are proposed as markers of acacia honey because they have not been detected in any other type of honey. The presence of the flavonoid glycosides in honey is of particular importance because it increases the number of potential markers for the detection of botanical origin of honey (31) . Myricetin, myricetin 3-methyl ether, myricetin 3'-methyl ether, and tricetin were the main flavonoids found in heather honey, and they have been proposed as markers of the botanical origin of this honey (19) . A good correlation was demonstrated between flavonoid profile and botanical origin in the case five rosemary, two lavender, and two polyfloral Spanish honey samples. The results showed that pollen and nectar cannot be a major source of flavonoids in honey because some of them come from propolis (40) .
Ferreres and coworkers analyzed the flavonoid profiles of 14 botanical types of honey and determined hesperetin as a marker for citrus honey and luteolin as a marker for lavender honey (17). 8-Methoxykaempferol was a major flavonoid found in rosemary honey (25) , whereas quercetin was proposed as a marker of the botanical origin of sunflower honey (27) . In addition to quercetin, Kečkeš et al. (28) suggested eriodictyol as a floral marker for sunflower honey from Serbia (Table 1) .
Research showing significant differences in the amount and type of flavonoids between spring and summer types of honeys was done in Lithuania. The authors thus concluded that the composition of flavonoids can be suitable to demonstrate botanical origin of honey (41) . A similar experiment was conducted by scientists from Slovenia on 40 monofloral honey samples from a total of seven botanical types. The aim of that study was the quantitative determination of six flavonoids and two abscisic acids in the investigated honey samples. Considering these parameters, using multivariate chemometric analysis, honey samples were classified according to their botanical origin, wherein lime honey samples were completely separated from honey samples of other botanical types (42) .
Phenolic Acids
Phenolic acids are classified as derivatives of cinnamic and benzoic acids. Hydroxy derivatives of the mentioned acids are present in plant foods (fruits, vegetables, and grains). They are found in all parts of the plant (root, stem, leaves, and seeds). Moreover, different stages of plant growth and development are characterized by various phenolic acids. Growth conditions such as temperature affect the content of phenolic acids in plants (43) . A small part of the phenolic acid content in plants is in the free form, but they often appear in the form of esters, amides, and glycosides (44) . Some phenolic acids (usually caffeic and ferulic acids) can build esters with some other acids, such as quinic; therefore, in plants, caffeoylquinic, dicaffeoylquinic, tricaffeoylquinic, and feruloylquinic acids can be found (45) . Figure 2 shows the structures of some derivatives of phenolic acids present in honey. Among the hydroxy derivatives of benzoic acid, the most common are p-hydroxybenzoic, protocatechuic, vanillic, gallic, and syringic acids. The most represented hydroxy derivatives of cinnamic acid in honey are p-coumaric, caffeic, ferulic, and sinapic acids (46) .
One of the most significant examples of a specific phenolic acid as a chemical marker of botanical origin of honey is homogentisic acid for strawberry tree (Arbutus unedo) honey (12, 13) . The research group of Tuberoso and coworkers (29) proposed phenyllactic acid as a chemical marker of thistle (Galactites tomentosa Moench) honey (Table 1) .
Some polyphenolic compounds may be significantly helpful in distinguishing honeys that show similar palynological characteristics (almost identical forms of pollen grains). This is the case with the two characteristic types of honey from New Zealand: manuka (Leptospermum scoparium) and kanuka (Kunzea ericoides). Despite the fact that manuka and kanuka honeys have almost the same polyphenolic profiles, Stephens and coworkers (15) noted that o-anisic (2-methoxybenzoic) acid and eudesmic (3,4,5-trimethoxybenzoic) acid are characteristic for manuka honey, whereas homoanisic (4-methoxyphenylacetic) acid is characteristic for kanuka honey. Petretto and colleagues (47) examined 51 honey samples from Sardinia from a total of 10 different botanical types. Using principal component analysis (PCA), the honeys from Sardinia were separated according to their botanical origin on the basis of the content of polyphenolic compounds, antioxidant activity, and physicochemical parameters (47) . Spanish scientists found a significantly higher amount of rosmarinic acid in mint honey samples as compared to other studied honey types and, hence, proposed this acid as a marker of the botanical origin of mint honey (18) . Scientists from Poland and the Netherlands were able to analyze the polyphenolic profiles of honeys to determine botanical origin using proton transfer reaction MS and HPLC with diode-array detection (DAD) in combination with PCA (48) . Ellagic acid, one of the major constituents of the phenolic fraction found in some honey samples, was also identified as a possible floral marker for heather honey (21). Wang and colleagues (16) applied hierarchical cluster analysis and PCA on the polyphenolic profile of honey. They suggested chlorogenic acid as a potential marker of the botanical origin of acacia honey, and ellagic acid as a possible marker for rapeseed honey (16; Table 1 ).
Extraction and Identification of Polyphenols from Honey Samples
According to the most published analytical procedures, the determination of polyphenols in honey includes the basic steps of their isolation from the sample matrix and then the separation, purification, identification, and quantification of the desired compounds. Separation and identification are usually performed by chromatography (22, 49) or electrophoresis (18, 50) techniques. The choice of instrumental techniques and operating parameters is highly dependent on the analytical objectives and type of characterization (qualitative and/or quantitative).
In the literature, there are a number of sample preparation methods for the determination of a honey polyphenolic profile. Usually, sample preparation includes only one extraction technique, but sometimes a combination of two extraction methods are necessary in order to better isolate and separate the polyphenols from the honey. It is important that the sample is representative, i.e., it reflects the average composition of the analyzed honey. The main goal of sample preparation is to obtain an extract containing all the components of interest, as well as to separate the substances that could obstruct the determination of polyphenols (51) . The methods commonly used for isolating polyphenols from honey (Table 2; 15, 28, 31, 42, 46, are based on several types of extraction: liquid-liquid extraction (LLE), SPE, and adsorption on Amberlite XAD adsorbent polymer in combination with LLE or SPE (11) .
SPE is used for the concentration of samples, as well as for the isolation and purification of the compound of interest, in a manner that removes impurities and interfering substances from the complex system. In the case of honey, isolating polyphenols using an SPE technique represents removing sugars and other polar compounds from the matrix and eluting polyphenols with some organic solvent, usually methanol or acetonitrile (82) .
Amberlite XAD is a cation-exchange resin of low capacity. It has been widely used for extracting organic compounds from complex matrixes. When honey samples pass through the column filled with the Amberlite XAD resin, polyphenols are retained, whereas sugars and other polar components are eluted by passing water. Polyphenolic compounds are usually eluted from the column with methanol before isolation of the particular analytes and their purification and concentration (64) .
One study carried out a comparison of the efficacy of four different SPE cartridges (Octadecyl C18, Oasis HLB, Strata-X, and Amberlite XAD-2) for isolating and preconcentrating six phenolic acids (gallic, p-hydroxybenzoic, p-coumaric acid, vanillic, caffeic, and syringic acids) and three flavonols (rutin, quercetin, and kaempferol) from honey samples. The Oasis HLB cartridge, washed with 50 mL acidified water (pH 2) and eluted with methanol, provided the best results (82) . Recently, Liu and coworkers (83) proposed a new sorbent material, nano-Al 2 O 3 -coated silicon (Al 2 O 3 /SiO 2 ), as a toner solid-liquid extraction of flavonoids. Its extraction efficiency was greater compared to a commercial C18 cartridge (83) .
Two recent studies (28, 30) reported LLE as a classical preparation procedure for the isolation of polyphenols from honey samples. In both cases, the extraction was carried out with ethyl acetate from a solution prepared by dissolving honey in ultra-pure water in the earlier study (30) and in 2% sodium chloride solution in the subsequent one (28). Campone and coworkers (60) reported the dispersive liquid-liquid microextraction of polyphenols from honey; the extraction efficiency (recovery) of this method was greater than 70%.
Two recent studies introduced the use of special multiwall carbon nanotubes (MWCNTs) as a sorbent for the extraction of polyphenols (80, 84) . The main advantage of this approach is the simultaneous extraction of a large number of different classes of polyphenols (phenolic acids, flavonoids, and their derivatives) with high efficiency and reproducibility. In addition, the MWCNT sorbent has excellent regeneration properties.
To check the stability of polyphenols under conditions of ultrasonic and microwave extractions, Biesaga and Pyrzyńska (57) showed that ultrasound provides a better rate of extraction. All polyphenols extracted from honey samples using ultrasonic extraction had an average yield of about 90%, whereas in the microwave extraction, benzoic acid derivatives and flavonoids exhibited a lower yield (70-80%; 57) .
The advanced liquid extraction technique called accelerated solvent extraction, which aims to obtain an extract rich in polyphenols, was also found in the literature (85) . The extraction is carried out by dissolving the sample in acidified water (pH 2; HCl) at 25°C by means of four different static cycles. The polyphenols were eluted with methanol, the methanol solution was evaporated to dryness, and the residue after evaporation was resuspended in distilled water and extracted three times with diethyl ether. The extracts were evaporated and redissolved in a solution of methanol-water (50 + 50, v/v) before HPLC analysis.
To separate polyphenols, the most widely used technique is reversed-phase (RP) chromatography, usually RP-HPLC. The separation of analytes is commonly achieved using an octadecyl silica column (C18 or RP-18). Analytical columns that are commonly used for the separation of honey polyphenols are listed in Table 2 .
In recent years, ultra-HPLC (UHPLC) has proved to be a quick and efficient method in the analysis of polyphenolic components of honey, and this is due to a number of advantages, such as high resolution, high sensitivity and accuracy, and reduced duration of the analysis (28, 30, (60) (61) (62) (63) 80) . One more reason for the better performance of the UHPLC technique lies in the particle size of the stationary phase (typically less than 2 μm) and the possibility for the mobile phase to be at very high pressure. The mobile phase is commonly composed of a concentration gradient of two solvents: A, an aqueous solution of formic acid (59, 60, 78, 86, 87) , acetic acid (24, 85) , rarely trifluoroacetic acid (88, 89) , and phosphoric acid or phosphate buffer (30, 32) ; and B, acetonitrile or methanol ( Table 2) .
The detector commonly used to determine the polyphenolic profile of honey is based on measuring UV absorption and is often a UV detector with a diode system (photodiode-array or DAD; 84, 86, 87) . The selection of an appropriate wavelength is essential to maximize the sensitivity of the method, especially when the compounds of interest have a specific chromophore. HPLC-UV identification and quantification of polyphenols is possible only by comparing the retention time of a sample with the retention times of standards, as well as the standard addition method. The main disadvantage of all spectrophotometric detectors is an inability to directly provide structural information about an analyte. For this reason, in recent years, many studies have focused on the development of HPLC/UHPLC methods coupled with MS detectors, which has led to the identification of new potential markers of botanical origin of honey (11) . The MS detectors commonly used to characterize the polyphenolic fraction of honey include the ion-trap mass analyzer, the mass detector with triple quadrupole analyzer, as well as a newer hybrid instrument (the Orbitrap mass analyzer). The electrospray ionization (ESI) source, which is most often installed in such spectrometers, is usually operated in the negative ionization mode. Sometimes, e PEG = Polyethylene glycol.
f HRMS = High-resolution MS; LTQ = linear trap quadrupole.
g UPLC = Ultra-performance LC; Q = quadrupole.
h UHPLC = Ultra-HPLC.
j CEAD = Coulometric elctrode array detector. phenolic compounds are analyzed in the both negative and positive ionization modes in order to gain more information about the fragmentation of the phenolic compounds, which further helps in the identification of possible structures of unknown compounds (15, 68) . The extraction methods, LC-MS techniques, and stationary and mobile phases that have been applied for the qualitative/quantitative analysis of polyphenols from various honey samples, focusing mainly on published peer-reviewed works from the last two decades, are listed in Table 2 . Using multistage MS (MS n ) techniques, the fragmentation mechanism of a selected compound can be studied, obtaining information about the structure of different isomeric compounds (90, 91) , such as the binding position of the sugar on the flavonoid core and the interglycosidic linkage between sugars in the case of glycoside compounds (78, 92, 93 were found at 151 m/z in the negative mode. Also, the use of high-resolution MS is very useful for untargeted analysis, because it gives information of the molecular formula of an unknown compound (28, (61) (62) (63) . These advanced MS techniques have found an application in the identification of polyphenolic profiles of honey, with the aim of determining its botanical origin. Thus, Truchado and coworkers (31) identified eight flavonoid glycosides in acacia honey samples, characterized as kaempferol combinations with rhamnose and hexose. This class of compounds was found as honey constituents for the first time (31) . The same research group, using HPLC-DAD-ESI-MS n , identified 19 triglycosides, diglycosides, and monoglycosides of quercetin, kaempferol, and isorhamnetin; these glycosides were identified for the first time in Tetragonula carbonaria honey from Australia (78) .
Conclusions
There are a number of polyphenolic compounds in honey, mostly flavonoids and phenolic acids. It is known that they have various nutritional properties, as well as a potential role in treating various diseases and contributing to human health. A large number of studies dealing with the authentication of honey indicate that polyphenols could be markers of botanical (and sometimes geographical) origin of honey. Consequently, many researchers are involved in the development of new analytical methods for the isolation and identification of honey polyphenols. Particularly interesting are the rare, untested monofloral honeys, because in such honeys, new potential markers of botanical origin can be identified. For this purpose, the newer LC-MS methods are very applicable.
